In heart failure (HF), Ca 2+ /calmodulin kinase II (CaMKII) expression is increased. Altered Na + channel gating is linked to and may promote ventricular tachyarrhythmias (VTs) in HF. Calmodulin regulates Na + channel gating, in part perhaps via CaMKII. We investigated effects of adenovirus-mediated (acute) and Tg (chronic) overexpression of cytosolic CaMKIId C on Na + current (I Na ) in rabbit and mouse ventricular myocytes, respectively (in whole-cell patch clamp). Both acute and chronic CaMKIId C overexpression shifted voltage dependence of Na + channel availability by -6 mV (P < 0.05), and the shift was Ca 2+ dependent. CaMKII also enhanced intermediate inactivation and slowed recovery from inactivation (prevented by CaMKII inhibitors autocamtide 2-related inhibitory peptide [AIP] or KN93). CaMKIId C markedly increased persistent (late) inward I Na and intracellular Na + concentration (as measured by the Na + indicator sodium-binding benzofuran isophthalate [SBFI]), which was prevented by CaMKII inhibition in the case of acute CaMKIId C overexpression. CaMKII coimmunoprecipitates with and phosphorylates Na + channels. In vivo, transgenic CaMKIId C overexpression prolonged QRS duration and repolarization (QT intervals), decreased effective refractory periods, and increased the propensity to develop VT. We conclude that CaMKII associates with and phosphorylates cardiac Na + channels. This alters I Na gating to reduce availability at high heart rate, while enhancing late I Na (which could prolong action potential duration). In mice, enhanced CaMKIId C activity predisposed to VT. Thus, CaMKII-dependent regulation of Na + channel […] Research Article Cardiology
Introduction
Altered Na + channel gating was shown to underlie long QT syndrome 3 (LQT3) (1), Brugada syndrome (2) , and isolated cardiac conduction defects predisposing to life-threatening ventricular tachyarrhythmias (VTs). However, these mutations are relatively rare. Heart failure (HF) is associated with an increased risk of sudden death mainly caused by VT and fibrillation (3) . The mechanisms are poorly understood, but altered Na + channel gating may be involved.
Abnormal conduction is the proximate cause of sudden death in HF, and Na + channels critically determine conduction velocity (4) . A persistent (late) Na + current (I Na ) was shown to cause prolongation of action potentials (APs) in HF myocytes (5) . A tetrodotoxin-sensitive (TTX-sensitive) pathway was implicated in increased intracellular Na + concentration ([Na] i ) in HF (6) .
It is known that calmodulin (CaM) regulates Na + channel gating through binding to an IQ-like motif at the C terminus (7) . Downstream signaling through Ca 2+ /CaM-dependent protein kinase II (CaMKII) may be of relevance, but little is known about CaMKIIdependent effects on I Na . CaMKIIδ is the predominant isoform in the heart (8) . Upon phosphorylation, CaMKII is known to alter L-type Ca 2+ channel function, providing an integrative feedback for oscillatory intracellular free Ca 2+ ([Ca 2+ ] i ) (8) . In human HF and in an animal HF model, expression and activity of CaMKII are enhanced 2- to 3-fold (9) (10) (11) . We have shown that transgenic overexpression of cytosolic CaMKIIδ C induces HF (12, 13) . Inhibition of CaMKII was shown to prevent remodeling after myocardial infarction and excessive β-adrenergic stimulation (14) . CaMKII has also been linked to VT in a mouse model of hypertrophy (15) .
Here we explore the role of CaMKIIδ C on Na + channel function using 2 models. We assessed Na + channel function and expression in CaMKIIδ C -Tg mice, which develop HF. We investigated acute CaMKIIδ C overexpression (rabbit myocytes) to avoid unspecific adaptations occurring in HF. We show that CaMKIIδ C regulates Na + channel gating and [Na] i , which may have implications for HF. C regulates Na + channels, we measured steady-state inactivation of I Na . Figure 1 shows steady-state inactivation as a function of membrane potential (E m ) in rabbit myocytes. CaMKIIδ C overexpression in myocytes (hereafter referred to as "CaMKIIδ C myocytes") but not β-gal overexpression in myocytes (hereafter referred to as "β-gal myocytes") caused a negative voltage shift in I Na steady-state inactivation (V 1/2 : -83.5 ± 0.8 versus -89.7 ± 0.7 mV; P < 0.05; Table 1 ). This reduced the fraction of available Na + channels at a given E m . The slope factor k ∞ was unaltered. This effect was Ca 2+ dependent.
Results

Steady-state inactivation and activation. To assess whether CaMKIIδ
When [Ca 2+ ] i was increased to 500 nM, V 1/2 was further shifted toward more negative potential (P < 0.05; Table 1 ). All effects were reversed using KN93 or autocamtide 2-related inhibitory peptide (AIP) ( Figure 1 and Table 1 ). Interestingly, both inhibitors increased the fraction of available Na + channels and reversed the effects of elevated [Ca 2+ ] i , even in β-gal myocytes, suggesting that there may be some basal CaMKII-dependent Na + channel regulation. Similar results were observed using physiologic extracellular Na + concentration ([Na] o ) and when investigating CaMKIIδ C -Tg mice (Table 2) . Again, CaMKII inhibition blocked all CaMKIIδ C -dependent effects on the E m dependence of Na + channel steady-state inactivation.
Since steady-state inactivation of Na + channels depends on both channel activation and inactivation, the current-voltage (I-V) relation of I Na in CaMKIIδ C -overexpressing myocytes was assessed Table 1 ). In CaMKIIδc myocytes, availability was left-shifted versus β-gal (P < 0.05), and this was reversed by CaMKII inhibitors KN93 or AIP (P < 0.05). (B and C) Original INa traces during prepulses (right) and test pulse (left). INa amplitudes during prepulses were unaltered by CaMKIIδc (see Figure 2 ). (basic cycle length, 2 seconds; Figure 2 ), with no difference in maximal current density observed. There was also no alteration in the E m dependence of Na + channel conductance (G), suggesting that Na + channel activation is not altered by CaMKII. Therefore, the differences in steady-state inactivation are most likely ascribable to altered inactivation. Intermediate inactivation and recovery from inactivation. We additionally investigated intermediate inactivation (I IM ), a form of Na + channel inactivation that accumulates over a few hundred milliseconds (after fast inactivation [I fast ]) and recovers much more slowly at negative E m than I fast . Enhanced I IM has been implicated in Brugada syndrome (2) and has been suggested to be a consequence of CaM-dependent Na + channel regulation (7). I IM was measured using depolarizations of variable duration (P 1 ) followed by a 20-ms recovery period at -140 mV, allowing for recovery from fast inactivation but not from I IM . The following test pulse (P 2 ) to -20 mV activated all channels not in I IM ( Figure 3A) . Physiologically, only a small fraction of Na + channels undergo I IM and reduce the amount of channels available for the second excitation. Figure 3 shows that CaMKIIδ C overexpression significantly increased the fraction of channels undergoing I IM . Curve fitting analysis revealed that the amplitude A was significantly increased, whereas the rate constant k IM was unaltered (Table 1) . Thus, CaMKIIδ C may increase the fraction of channels that can enter I IM , but not the rate constant of development of I IM . Again, this effect was Ca 2+ dependent. At high [Ca 2+ ] i (500 nM), the amplitude of I IM was significantly increased ( Table 1 ). All effects were reversible with KN93 or AIP, which were also effective in β-gal myocytes. As for steady-state inactivation, a similarly enhanced I IM was observed using a more physiologic [Na] o and in CaMKIIδ C transgenics (Table 2) . Again, CaMKII inhibition blocked CaMKIIδ C -dependent effects. In WT and β-gal myocytes, KN93 reduced the amount of I IM even further (Table 2 ). Thus, CaMKII may contribute to I IM , and there may be some basal CaMKIIdependent I IM in WT mouse and control rabbit cells (with lower basal I IM in WT).
Inactivation and recovery from inactivation are closely related and critically determine channel function. Recovery from inactivation was investigated using a sustained depolarization at a time scale that initiates fast and I IM (1,000 ms), followed by recovery intervals of increasing durations and a subsequent test pulse ( Figure 4A ). In comparison to that of control, recovery from inactivation was slowed in CaMKIIδ C myocytes ( Figure 4 ). Data were fit to a single exponential relation. The time constant for recovery from inactivation (τ rec ) increased from 12.3 ± 1.2 ms (β-gal) to 18 ± 1.1 ms (CaMKIIδ C ; Table 1 ), indicating that recovery was slower by nearly 50% in CaMKIIδ C myocytes. Either KN93 or AIP returned τ rec to control levels ( Table 1) . KN93 by itself slightly reduced τ rec in β-gal myocytes, consistent with a basal CaMKIIdependent effect on I Na recovery from inactivation. The effect of CaMKIIδ C on τ rec was Ca 2+ dependent, because at high [Ca 2+ ] i (500 nM), τ rec increased further, and KN93 completely reversed this ( Figure 4A and Table 1 ).
These results indicate that CaMKIIδ C activity substantially slows I Na recovery from inactivation. This may reflect, in part, slower recovery from I IM , as there was more I IM in the cases where recovery was prolonged. The slower I Na recovery could also limit I Na availability, especially at high heart rates.
Figure 3
CaMKIIδc increases IIM of INa in rabbit myocytes (10 mM [Na + ]o). (A) Increasing conditioning pulse duration (P1) reduced peak INa assessed with a second pulse (P2). CaMKIIδc increased the amount of accumulating IIM (versus β-gal; P < 0.05), an effect reversed by KN93 or AIP (P < 0.05). Mean data were fitted to a single exponential (see Table 1 ). (B) Original traces of peak INa (at P2) for different P1 durations.
Figure 4
CaMKIIδc slows INa recovery from inactivation in rabbit myocytes (10 mM [Na + ]o). (A) Increasing durations of recovery interval between conditioning pulse (P1, causing INa and inactivation) and test pulse (P2). CaMKIIδC significantly slowed recovery versus β-gal, an effect blocked upon CaMKII inhibition (KN93; P < 0.05). Elevation of [Ca 2+ ]i to 500 nM in myocytes overexpressing CaMKIIδC further slowed recovery, and KN93 completely inhibited this effect. Mean data were fit to a single exponential (fit parameters in Table 1 The CaMKIIδ C -dependent slowing of Na + channel recovery was also seen in physiologic [Na + ] o , and the effect could be measured in CaMKII transgenics (Table 2) . Consistently, the effect of CaMKIIδ C overexpression was completely reversible with CaMKII inhibition.
Fast, open-state inactivation and [Na] i . When Na + channels open, they close very rapidly, within 10-20 ms, a process called fast or open-state inactivation. In contrast to I IM , for which no structural correlate has been found yet, the cytoplasmic linker between domains III and IV and the C terminus of the Na + channel protein has been suggested to underlie I fast . Mutations in these regions are known to disrupt this process, leading to LQT3. Since the putative target of CaMKII-dependent regulation could be located there, we investigated the effect of CaMKIIδ C on fast I Na decay. Acute CaMKIIδ C overexpression significantly slowed the late component of fast I Na inactivation (see τ 2 , Figure 5A ), which was sensitive to KN93.
When myocytes from CaMKIIδ C -Tg mice were assessed, initial and late components (τ 1 , τ 2 ; Figure 5B ) of I Na decay were significantly slowed compared with those of WT myocytes. However, KN93 did not reverse the effect in mice, leaving more open the role of CaMKII in this transgenic mouse model.
Incomplete I Na inactivation during the AP can influence AP duration and [Na] i and can also be arrhythmogenic. Figure 6 , A and B, shows a distinct persistent I Na component in both acute and chronic CaMKII overexpression that is not seen in β-gal rabbit or WT mouse myocytes. Again, KN93 prevented this persistent I Na in CaMKIIδ C rabbit myocytes, but not in mice.
To assess the impact of these alterations in late I Na on Na + influx, we integrated the late I Na (50-500 ms) and normalized it to the cytosolic volume. For rabbit, values were (in μM): CaMKIIδ C (versus β-gal), -7.47 ± 0.77 (-3.04 ± 0.92); and CaMKIIδ C +KN93 (versus β-gal plus KN93), -3.35 ± 0.36 (-2.84 ± 0.63). For mouse, integrals were Tg (versus WT), -8.23 ± 1.60 (-2.05 ± 0.60); and Tg plus KN93 (versus WT plus KN93), -7.9 ± 2.46 (-1.89 ± 0.61). If the amount of Na + entry was extrapolated to 1 minute, the Na + influx was 1.0 ± 0.1 versus 0.4 ± 0.1 mM/min (rabbit, CaMKIIδ C versus β-gal) and -1.1 ± 0.21 versus -0.27 ± 0.08 mM/min (mouse, Tg versus WT). Interestingly, the increased amount of Na + influx upon CaMKII overexpression strikingly resembles the TTX-sensitive Na + entry suggested to cause elevated [Na] i in an HF model with increased CaMKII activity (6, 11) .
To assess whether the CaMKII-dependent alterations in I Na gating cause increased [Na] i , we measured [Na] i in field-stimulated myocytes. In CaMKIIδ C -overexpressing rabbit myocytes, [Na] i was significantly increased at all stimulation frequencies compared with that in control. This increase was completely reversed by KN93 ( Figure 6C ). In CaMKIIδ C -Tg mice, [Na] i was also significantly elevated (versus WT), but the increase was not reversible with KN93 ( Figure 6D) .
Association of CaMKII with Na + channels and CaMKII-dependent phosphorylation. Coimmunoprecipitation studies revealed that CaMKII associates with Na + channels in both mouse and rabbit tissue (antiPan Na v , an antibody recognizing all Na + channel isoforms; Figure 7 , A and B). Western blotting of the immunoprecipitates repeated with cardiac-specific anti-Na v 1.5 showed similar results (data not shown), proving that the cardiac Na + channel isoform interacts with CaMKII. Using immunocytological staining, CaMKIIδ C and Na + channels were found to be colocalized in CaMKIIδ C -overexpressing myocytes ( Figure 7C ). No colocalization was seen when the anti-HA antibody was used in control-transfected myocytes (data not shown).
CaMKII-dependent phosphorylation of Na + channels was investigated using ATP-γ-32 P. First, we exposed immunoprecipitated Na + channels from WT mice to purified preactivated exogenous CaMKII ( Figure 7D ). Exogenous CaMKII clearly phosphorylated Na + channels, and this effect was inhibited when KN93 or AIP were included, but not when PKA and PKC were blocked ( Figure 7E ).
Since endogenous CaMKII associates with the Na + channel, we tested whether endogenous myocyte CaMKII can phosphorylate Na + channels in the myocyte ( Figure 7F ). Saponin-permeabilized rabbit myocytes were exposed for 5 minutes to internal solution at 50 nM
Figure 5
CaMKIIδc slows fast decay of INa. (A) Original traces show that CaMKIIδc slows fast INa inactivation in rabbit myocytes versus β-gal. INa decay (first 50 ms) was fit with a double exponential: y (t) = A1 exp (-t/τ1) + A2 exp (-t/τ2) + y0. Fits and τ1 and τ2 (ms) are shown in red (β-gal) and blue (CaMKIIδc). Deceleration of INa decay was significant in τ2 but not in τ1. KN93 could reverse the slowing of τ2 by CaMKIIδC. (B) In CaMKIIδC-Tg mice, both τ1 and τ2 were slowed compared with those in WT mice. Fits to the original traces and τ1 and τ2 values (ms) are shown in red (WT) and blue (CaMKIIδC-Tg). KN93 did not reverse these effects. Average peak INa was -10.2 ± 0.3 nA, -79.8 ± 2.7 pA/pF, Cm 132.7 ± 4 pF for rabbit and -14.2 ± 0.6 nA, -58.9 ± 2.9 pA/pF, Cm 255.3 ± 11 pF for mouse.
[Ca 2+ ] or 500 nM [Ca 2+ ] plus 2 μM CaM (to activate endogenous CaMKII). The extent of CaMKII-dependent Na + channel phosphorylation was assessed afterward by Na + channel immunoprecipitation and subsequent back-phosphorylation with exogenous preactivated CaMKII and ATP-γ-32 P. Activation of endogenous CaMKII (500 nM [Ca 2+ ]) reduced back-phosphorylation (lane 2 versus lane 1), indicating increased Na + channel phosphorylation upon activation of cellular CaMKII. Inclusion of AIP in the myocyte preincubation prevented the increased phosphorylation (lane 3, Figure 7F ). Interestingly, overexpression of CaMKIIδ C increased the phosphorylation level (decreased back-phosphorylation) of Na + channels at 50 nM [Ca 2+ ] to a level comparable to that attained in the control at the 500 nM [Ca 2+ ] incubation. Thus, CaMKII associates with the Na + channel, and the endogenous CaMKII can phosphorylate the channel.
Western blotting revealed significantly increased Na + channel expression in hearts from Tg mice (1.6-fold versus WT; Figure 7G ). However, I Na was not significantly different in Tg versus WT hearts (-127.1 ± 16 pA/pF versus -109 ± 22.4 pA/pF, respectively, at -30 mV; n = 5 versus 9; P = NS; average maximum I Na , -15.1 ± 1 nA, -115.5 ± 15.2 pA/pF, membrane capacitance [C m ], 197.3 ± 21.7 pF). In contrast, Na + channel expression was not altered in rabbit myocytes acutely overexpressing CaMKIIδ C ( Figure 7H ).
CaMKII and arrhythmias. To test whether CaMKIIδ C mice were prone to VT, we performed electrophysiological measurements in vivo (Figure 8 ). Application of 2 consecutive premature beats via programmed electrical stimulation induced monomorphic and polymorphic VT. In addition, 1 Tg mouse died because of spontaneous ventricular fibrillation immediately after recordings were started. In contrast, no arrhythmias were observed in WT mice ( Figure 8, A and C) . In separate experiments, application of isoproterenol (2 mg/kg, i.p.) increased heart rate from 460 ± 50 to 680 ± 10 bpm for WT mice, but no arrhythmias were observed (Figure 8, B and C) . In contrast, in Tg mice, isoproterenol infusion induced monomorphic VT. Analysis of resting ECG parameters ( Figure 8D ) revealed that the corrected QT (QT c ) interval and QRS duration were significantly prolonged in Tg versus WT mice. Interestingly, the PR interval was significantly shortened in Tg mice. CaMKII has been previously implicated in AV nodal conduction (16) . To assess whether CaMKIIδ C overexpression alters AP duration depending on the heart rate, monophasic APs (MAPs) were recorded in isolated perfused hearts. After AV node ablation, Tg hearts had higher intrinsic ventricular heart rates. Spontaneous basic cycle lengths (BCLs) were 325 ± 30 ms (WT) versus 231 ± 16 ms (Tg) (n = 21 versus 22; P < 0.05). At high pacing frequencies (BCL, 100 ms), MAP duration was not significantly different for Tg versus WT hearts (Figure 8, E and F) . It is possible that enhanced steadystate Na + channel inactivation and disturbed open-state inactivation may counterbalance each other. At lower pacing frequencies physiological for mice, MAP duration was significantly prolonged in Tg hearts. This was not reversible by CaMK inhibition, suggesting that other effects, possibly related to adaptation or HF, also affect repolarization in the chronic CaMKII expression model.
The effective refractory period (ERP) was decreased in Tg hearts (WT, 27 ± 3 ms, Tg: 20 ± 4 ms; n = 14 versus 21; P < 0.05), resulting in progressive encroachment of excitation, a scenario known to cause VT (17) .
Discussion
The present study shows for the first time to our knowledge that CaMKII regulates Na + channel function in myocytes, most likely by association with and phosphorylation of Na + channels. This is based on our findings that CaMKII coimmunoprecipitates with and phosphorylates Na + channels; and that acute CaMKIIδ C overexpression slows fast I Na inactivation, enhances late I Na , increases [Na] i , but also enhances accumulation of intermediate I Na inactivation, slows recovery from inactivation, and shifts steady-state inactivation of Na + channels to more negative E m in a Ca 2+ -dependent manner. Moreover, all of these effects could be reversed with CaMKII inhibition. All these effects were also seen in Tg mice overexpressing CaMKIIδ C , although impaired inactivation and elevated [Na] i were not reversed by acute CaMKII inhibition. Overall, these effects prolong Na + influx during depolarization (possibly explaining enhanced [Na] i ) but increase steady-state inactivation of Na + channels at shorter diastolic intervals. This could be particularly arrhythmogenic, and since CaMKII is elevated in HF (9, 10), these effects could cause an acquired form of arrhythmogenesis. Indeed, the altered Na + channel phenotype caused by CaMKII is very similar to that caused by the 1495InsD mutation in human Na v 1.5 that is linked with features common to LQT3 and Brugada syndrome
Figure 7
CaMKII-dependent association with and phosphorylation of Na + channels. (A and B) Equal amounts of CaMKII were IP from mouse hearts (A, Tg versus WT) and rabbit myocytes (B, CaMKIIδc versus nontransfected cells) and subjected to immunoblotting. CaMKII IP showed CaMKII association with Na + channels in WT and Tg hearts (n = 3 and n = 3, respectively), while IP with polyclonal rabbit anti-Cav1.2a did not. Similar results were seen in rabbit myocytes (CaMKIIδC and nontransfected cells, n = 4 and n = 2, respectively). (C) Colocalization of CaMKII and Na + channel in rabbit myocytes with immunocytological staining. (D and E) Autoradiograms measuring 32 P incorporation into Na + channels. Equal amounts of Na + channels were immunoprecipitated from WT mouse hearts (n = 3) and directly phosphorylated with or without CaMKII, KN93 (50 μM), AIP (5 μM), or PKA/PKC inhibitor cocktail (PKA/C-I; 1 μM). (F) Endogenous CaMKII-dependent Na + channel phosphorylation was activated in permeabilized rabbit myocytes by preincubating for 5 minutes in internal solutions of 500 nM [Ca 2+ ] plus 2 μM CaM (versus 50 nM [Ca 2+ ]). Sites not already phosphorylated were subsequently back-phosphorylated in Na + channel immunoprecipitates (equal amounts) by exogenous preactivated CaMKII and ATP-γ-32 P. The intensity of 32 P is inversely related to the CaMKII-dependent phosphorylation during preincubation. (G and H) Western blots (anti-Nav Pan) show upregulation of Na + channel expression in CaMKIIδC-Tg versus WT mice (relative to calsequestrin [CSQ]) but unaltered expression in CaMKIIδC rabbit myocytes (data pooled for MOI 10 and 100). (18, 19) . CaMKIIδ C -Tg mice were also prone to VT (with reduced effective refractory period, prolonged QRS duration, and disturbed repolarization). While Na + channel-independent effects could also contribute to this arrhythmogenesis in CaMKIIδ C -Tg mice, the documented Na + channel phenotype may well be involved. Na + channel regulation by kinases. Na + channels are isoform-specifically regulated by kinases including PKA and PKC. PKA-dependent phosphorylation (at Ser526 and Ser529) in the I-II cytoplasmic linker increases whole-cell conductance without altering channel gating resulting from an increased number of functional Na + channels, possibly by altering channel trafficking, although cAMP-dependent enhancement of Na + channel steady-state inactivation has also been reported (20) . PKC-dependent phosphorylation (Ser1505) in the III-IV linker reduces maximal conductance and enhances steady-state inactivation (20) .
Deschênes et al. (21) , using heterologous Na + channel expression, showed that the CaMK inhibitor KN93 slowed I Na decay and shifted steady-state inactivation in the depolarizing direction, but the specific CaMKII inhibitor AIP did not alter I Na gating. They concluded that a CaMK other than CaMKII (e.g., CaMKIV) might have been responsible for I Na modulation. However CaMKIV expression levels in heart are low and primarily nuclear (8) , so that CaMKIV is unlikely to modulate I Na . Here we show that overexpression of the predominant cardiac cytosolic CaMKIIδ C enhanced steady-state and I IM of Na + channels. Thus, some effects previously attributed to CaM may actually be mediated by CaMKIIδ C . In the present study, AIP reversed the effect of CaMKIIδ C overexpression on steady-state I Na inactivation but also produced smaller shifts in control myocytes (Table 2) . This is consistent with some baseline CaMKIIδ C effect on Na + channels in β-gal.
CaMKIIδ C association and CaMKII-dependent phosphorylation. CaM associates with Na + channels (to an IQ motif in the C terminus) (7, 22) . We show here that CaMKIIδ C also associates with Na + channels. We also show that exogenous CaMKII can phosphorylate Na + channels and, importantly, that endogenous CaMKII in rabbit myocytes can phosphorylate the Na + channel at a [Ca 2+ ] i . At slower heart rates (BCL, 150 ms), APD90 was significantly prolonged in Tg versus WT mice (but could not be reduced by KN93). At higher heart rates, there was no significant prolongation of APD90 in Tg versus WT.
that is physiologically relevant (500 nM). Moreover, when CaMKII was overexpressed in these myocytes, the Na + channel was more phosphorylated even at diastolic [Ca 2+ ] i level (50 nM). These results suggest that the observed CaMKII- and [Ca 2+ ] i -dependent I Na gating changes (Figures 1-6 ) may be due to Na + channel phosphorylation by CaMKII that is associated with the Na + channel.
It is unclear whether CaM preassociated with the Na + channel participates in activating CaMKII. However, Na + channels may, like many ion channels, be a multiprotein regulatory complex (23) .
In the present study, acute CaMKIIδ C overexpression did not alter functional I Na expression, according to maximal I Na density and protein expression levels. This suggests that CaMKIIδ C -dependent Na + channel regulation may not involve primary effects on Na + channel expression or trafficking. However, Tg mice exhibiting HF showed significantly more Na + channel expression but unaltered maximal I Na density. This could be a consequence of the HF phenotype, but limited available data suggest that peak I Na density is unaltered in HF (24) . Possibly, CaMKII-dependent reduction in I Na availability in rapidly beating Tg mouse hearts causes a compensatory upregulation of Na + channel expression. However, the unaltered peak I Na may also mean that some Na + channels are less functional (e.g., due to altered channel type, internalization, gating behavior).
Enhanced steady-state and I IM . Several types of I Na inactivation have been distinguished (3): (a) I fast occurring over 2-10 ms (in our analysis with 2 time constants) and recovers rapidly at negative E m ; (b) I IM , which accumulates after I fast has occurred (over hundreds of milliseconds) and recovers more slowly; (c) slow inactivation from the open state (over hundreds of milliseconds); and (d) ultra-slow inactivation, which occurs over many seconds (not studied here). These can all influence Na + channel steady-state inactivation, AP duration, and Na + flux balance.
CaMKIIδ C overexpression shifted steady-state inactivation of I Na to more negative E m and increased the fraction of channels undergoing I IM . Since these recover with slower kinetics, fewer channels would be available for the next excitation at normal heart rates. These effects are thus interrelated functionally (and possibly mechanistically). Indeed, both effects were reversed by CaMKII inhibition. A similar reduction in channel function was shown to underlie Brugada syndrome (2) .
Impairment of I fast and [Na] i . Acute CaMKIIδ C overexpression also slowed fast I Na inactivation ( Figure 5A ), enhanced late I Na ( Figure 6A ), and increased [Na] i ( Figure 6C ). All effects were prevented by CaMKII inhibition, implicating acute effects of CaMKII. These 3 effects are also functionally related and perhaps mechanistically associated. Slowed I Na inactivation could prolong AP duration, leading to early afterdepolarizations (EADs) or LQT3-like propensity for arrhythmias. In addition, the elevated [Na] i as a consequence of slowed I Na inactivation would tend to cause Ca 2+ overload-induced spontaneous sarcoplasmic reticulum (SR) Ca 2+ release and transient inward current (via Na + /Ca 2+ exchange) that underlie delayed afterdepolarizations (DADs) (3) .
In HF, these arrhythmogenic effects could be exacerbated by the already elevated [Na] i (attributed to TTX-sensitive Na + entry) and elevated Na + entry via slowly inactivating or noninactivating I Na (5, 6, 25) . The increased CaMKII expression and activation in HF (9-11) could produce the gamut of I Na and [Na] i alterations described here upon CaMKIIδ C overexpression (enhancing arrhythmogenesis in HF). The elevated [Na] i reported here is unlikely to be explained by a Na + "window current" (occurring at E m where steady-state activation and inactivation curves overlap) (26) . This is because the activation curve is unaltered, while steady-state inactivation is shifted in the hyperpolarizing direction, a combination which would reduce window I Na .
Acute and chronic CaMKIIδ C overexpression produced the same qualitative changes in I Na gating and [Na] i , and for acute overexpression, all of the effects could be completely reversed by CaMKII inhibition. However, in CaMKIIδ C -Tg mice, some of these changes (slowed open state I Na inactivation, persistent I Na , elevated [Na] i ) were not reversed by KN93 application. Thus while CaMKIIδ C can mediate the whole array of I Na and [Na] i effects (based on the acute adenoviral studies with and without KN93 or AIP), there may be other effects in chronic HF or CaMKIIδ C overexpression that mimic or sustain the CaMKII effect on slowing I Na inactivation. It is not clear what the cause may be, but possibilities that may merit future study include the following: (a) Conceivably another protein kinase activated during hypertrophy or HF might phosphorylate the same Na + channel sites as CaMKII, causing slow open-state I Na inactivation and enhancing late I Na ; (b) There could be less local phosphatase at the Na + channel in HF (as reported for the ryanodine receptor; refs. 11, 27); (c) Normal cardiac Na + channels can also shift into a bursting mode to produce persistent I Na (28, 29) , and persistent I Na may have different TTX sensitivity and E m dependence from transient I Na (30) and contribute to lengthening AP duration in HF (5); (d) Some of the additional Na + channels expressed in CaMKIIδ C -Tg mice ( Figure 7G ) could be an altered form with weaker inactivation. Regardless of the underlying mechanism, an impaired fast Na + channel inactivation mimics the functional defects of mutant Na + channels associated with congenital LQT3 (1, 31) and therefore may not only prolong AP and increase [Na] i but also predispose to VT. Divergent effects on gating and possible clinical implications for arrhythmias. CaMKIIδ C enhances steady-state and I IM , while at the same time impairing I fast and enhancing persistent I Na . Strikingly similar changes in Na + channel gating were shown for a human mutant Na + channel (Asp insertion at 1795 in the C terminus), which shows simultaneous LQT3-like and Brugada-like phenotypes (18) . Mutant 1795insD Na + channels expressed in mammalian cells exhibit a shift in steady-state inactivation to negative potentials (with unaltered activation), slowed inactivation, induced persistent I Na , and delayed recovery from inactivation (18, 19) . The net effect of both changes would be heart rate dependent. At low frequencies, impaired I fast and persistent I Na outweigh the slowed recovery from inactivation because of long-lasting diastolic intervals. This would favor AP prolongation, consistent with LQT3 syndrome (1) but also HF (4). However, at higher heart rates, there was incomplete I Na recovery, reduced I Na availability, and AP shortening. The consequent loss of Na + channel function would then slow propagation and increase dispersion of repolarization. This dual scenario was also demonstrated by computational simulations that incorporate the altered I Na gating properties (32) . Similarly, this mixed I Na phenotype was reported in a mutant Na + channel (33) with the C terminus truncated at Ser1885 exhibiting negatively shifted steady-state channel inactivation (unchanged activation) and an increase in the fraction of channels that fail to inactivate (slowed inactivation). Therefore, it is conceivable that increased CaMKIIδ C activity in HF (9, 10) may alter Na + channel gating, thereby generating the substrate for VT.
Indeed, CaMKIIδ C -Tg mice showed an increased propensity for VT in vivo. We show that in CaMKIIδ C mice, QRS duration was prolonged, indicating slowed intraventricular conduction, which is known to be proarrhythmic in Brugada syndrome. We also show that repolarization was disturbed in Tg mice, which favors VT in LQT3 patients. MAP duration was significantly prolonged, such that enhanced late I Na with CaMKIIδ C overexpression could contribute to AP prolongation, EADs, and LQT3-like arrhythmias.
The resulting increased [Na] i could also drive up SR Ca 2+ content via Na + /Ca 2+ exchange, leading to spontaneous SR Ca 2+ release and DADs. Interestingly, MAP prolongation was only observed at slower pacing frequencies, indicating heart rate dependence. The CaMKIIdependent I Na modulation reported here may be an acquired form of combined LQT3 and Brugada syndrome, in otherwise normal Na + channels. Such an acquired Na + channel dysfunction may contribute to arrhythmias under conditions wherein CaMKII effects are enhanced, as in HF (9) (10) (11) .
While CaMKII-dependent Na + channel gating may contribute to the arrhythmias seen in CaMKIIδ C -Tg mice, changes in other ion channels may certainly also contribute and exacerbate the arrhythmogenic potential of CaMKII-modified Na + channels. CaMKII alters L-type Ca 2+ current and mediates I Ca facilitation, and a reactivation of I Ca during the AP can cause EADs (15, 34) . CaMKIIdependent phospholamban phosphorylation also enhances SR Ca 2+ ATPase activity (12) , and the increase in SR Ca 2+ content would tend to increase spontaneous SR Ca 2+ release. Additionally, CaMKIIdependent ryanodine receptor phosphorylation increases spontaneous Ca 2+ release events (12, 13, 35) . Both of these SR effects could enhance DADs and trigger arrhythmias independent of Na + channel effects. Further studies are required to isolate the relevance of these mechanisms to the arrhythmogenesis in CaMKII-Tg mice.
In summary, our study revealed that CaMKII associates with and phosphorylates cardiac Na + channels. CaMKIIδ C increases steadystate Na + channel inactivation through enhanced I IM and slows channel recovery. In contrast, CaMKII also slows open-state inactivation, thereby increasing late I Na and [Na] i . This study characterizes CaMKII effects on Na + channel gating that may have important clinical implications for a much larger poluation of patients than those documented to have genetic LQT3 or Brugada syndromes. However, further studies are required, e.g., investigating which Na + channel sites associate with and are phosphorylated by CaMKII and precisely how important this pathway (versus others) may be arrhythmogenic in HF.
Methods
CaMKIIδC-Tg mice. Tg mice were generated as previously described (12) . We used 5.5 ± 0.3-month-old CaMKIIδC-Tg mice with HF (12) and age- and sex-matched WT littermates. Ventricular myocytes were isolated (13) and kept in modified Tyrode solution (in mM): 137 NaCl, 5.4 KCl, 1.2 MgSO4, 1.2 Na2HPO4, 20 HEPES, 15 glucose, 1 CaCl2 (pH 7.4). All animal studies were approved by the Ethics Committee of the Medical Faculty of the University of Göttingen (Göttingen, Germany).
Adenovirus-mediated CaMKIIδC transfection of rabbit myocytes. Ventricular myocytes were isolated from rabbits and plated on culture dishes (36) . Transfection with recombinant adenovirus encoding for HA-tagged CaMKIIδC (or β-gal as control) was performed at an MOI of 100 during plating of rabbit myocytes in supplemented M199 culture medium for 24 hours (34, 37) .
Western blots. Transfected rabbit myocytes were harvested and lysed in Tris buffer (in mM: 20 Tris-HCl, 200 NaCl, 20 NaF, 1 Na3VO4, 2% 3-[(3-cholamid opropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 1 DTT [pH 7.4]) and complete protease inhibitor cocktail (Roche Diagnostics) by trituration. Whole mouse hearts were homogenized in Tris buffer. Protein concentration was determined by BCA assay (Pierce Biotechnology). Denatured cell lysates and tissue homogenates (30 minutes, 37°C in 2% β-mercaptoethanol) were subjected to Western blotting (7.5% SDS-polyacrylamide gels) using a rabbit polyclonal anti-Pan Nav or cardiac-specific anti-Nav1.5 (1:500; Alomone Labs) as primary and an HRP-conjugated donkey anti-rabbit IgG (1:10,000; Amersham Biosciences) as secondary antibody. Chemiluminescent detection was done with SuperSignal West Pico Substrate (Pierce Biotechnology).
Coimmunoprecipitation. Whole mouse hearts were homogenized in Tris buffer (in mM: 50 Tris-HCl, 200 NaCl, 20 NaF, 1 Na3VO4, 1 DTT [pH 7.4]) and protease inhibitor cocktail. Protein concentration was determined by BCA assay. Rabbit myocytes were lysed as described above. Mouse homogenates (1 mg protein) and rabbit cell lysates were suspended in dilution medium (in mM: 50 Tris-HCl, 154 NaCl, 1% CHAPS, 1 NaF, 1 Na3VO4 [pH 7.4]) and protease inhibitor cocktail. CaMKII was immunoprecipitated with rabbit polyclonal anti-CaMKII antibody (3 μg/mg protein, preincubation at 4°C overnight; M-176; Santa Cruz Biotechnology Inc.) and protein G-sepharose Fast Flow (prewashed; 2 hours, 4°C; Amersham Biosciences). As control, rabbit polyclonal antiCav1.2a (Alomone Labs) was used. After centrifugation, the pellets were washed with Tris buffer (in mM: 50 Tris-HCl, 154 NaCl [pH 7.4]), and immunoprecipitated proteins were eluted in 2× Laemmli sample buffer containing 4% β-mercaptoethanol (30 minutes, 37°C) followed by centrifugation. Supernatants were subjected to Western blotting.
Immunoprecipitation and back-phosphorylation. Na + channels were immunoprecipitated using anti-Pan Nav (5 μg/mg) and protein G-sepharose (2 hours, 4°C). Immunoprecipitated Na + channels were resuspended in 1× CaMKII reaction buffer (in mM): 50 Tris-HCl, 10 MgCl2, 2 dithiothreitol, 0.1 Na2 EDTA (pH 7.4). CaMKII (30 U) was preactivated (New England Biolabs Inc.) in either the presence or absence of CaMKII inhibitors KN93, AIP, or PKA/PKC inhibitor cocktail (peptide inhibitors of both PKA and PKC; Upstate USA Inc.). Immunoprecipitated proteins were phosphorylated with CaMKII (30 minutes, 30°C) in the presence of ATP-γ-32 P with a specific activity of 5.7 Ci/mmol. Beads were washed with RIPA buffer, and proteins were eluted with 2× Laemmli sample buffer containing 4% β-mercaptoethanol (30 minutes, 37°C) followed by centrifugation. Supernatants were separated on SDS-7.5% polyacrylamide gel, and phosphorylated proteins were visualized using a phosphoimager. For some experiments, rabbit myocytes were saponin permeabilized (35) . After 5 minutes superfusion with a relaxation buffer containing (in mM) 150 K-aspartate, 0.1 EGTA, 5 ATP, 10 HEPES, 0.25 MgCl2, and 10 reduced glutathione (pH 7.4, 23°C), 50 μg/ml saponin was added for 30 seconds. After permeabilization, myocytes were exposed to internal solution composed of (in mM) 120 K-aspartate, 1 EGTA, 10 HEPES, 5 Na2ATP, 10 reduced glutathione, 5 U/ml creatine phosphokinase, 10 phosphocreatine, 4% dextran (Mr, 40,000), 5.7 MgCl2 (1 free [Mg]), 0.25 CaCl2 (50 nM free [Ca 2+ ]), PKA inhibitory peptide (PKI; 15 μM), pH 7.2. After 5 minutes equilibration, okadaic acid (2 μM) was added to prevent dephosphorylation, and for 5 minutes, free [Ca 2+ ] was either left at 50 nM or raised to 500 nM (plus 2 μM added CaM; Upstate USA Inc.) to activate endogenous CaMKII. Then myocytes were harvested and lysed, and Na + channels were immunoprecipitated (dilution medium with 20 mM NaF) and subjected to phosphorylation by exogenous preactivated CaMKII as described above.
Coimmunocytochemical staining. Transfected myocytes were washed (PBS), fixed (4% paraformaldehyde, 30 minutes, room temperature), and blocked with 1% BSA (overnight, 4°C). Cells were incubated with primary antibodies (monoclonal mouse anti-HA, 1:100 [Roche Diagnostics]; rabbit polyclonal anti-Nav1.5, 1:60) in 0.5% BSA and 0.75% Triton X-100 (1 hour, 37°C). After washing (PBS), incubation with secondary antibodies (Texas red-conjugated goat anti-mouse IgG, fluorescein-conjugated goat anti-rabbit IgG, 1:200; Jackson ImmunoResearch Laboratories Inc.) was done in 0.5% BSA (1 hour, 37°C). Cells were covered with VECTASHIELD HardSet Mounting Medium (Vector Laboratories) and viewed using an LSM 5 Pascal confocal microscope (Zeiss). For control, no primary antibodies were used.
